Detailed molecular and genetic studies, coupled with the recent sequencing of the¯y genome, have identi®ed eight Ets-related genes in the model organism Drosophila. All show homology to genes in vertebrate species. Functional analyses of some of the Drosophila ets genes have revealed their essential roles in developmental processes such as metamorphosis, oogenesis, neurogenesis, myogenesis, and eye development. Such studies have yielded important insights into our understanding of the genetic control of hormonally-regulated gene expression, programmed cell death, and signal transduction during cell fate determination and dierentiation. The developmental roles of E74 (ELF1), pointed (Ets 1), yan (TEL), and D-elg (GABPa) will be reviewed in this article. The context of their participation in signal transduction and gene regulation will also be discussed. The information should be of signi®cant value to the study of related processes in higher organisms due to the growing evidence for the cross species conservation of developmental mechanisms. Oncogene (2000) 19, 6409 ± 6416.
Keywords: Drosophila; ets; pointed; yan; D-elg; E74 Malfunction of Ets gene activities have been linked to oncogenic processes. One important way to understand the causal relationship between such aberrations and malignancy is to ®rst elucidate the normal role of a gene product in development and cellular dierentiation. So far, only a handful of knockout studies have generated unambiguous results and these shortfalls can usually be attributed to two common problems. In using knockout mouse models, often the results are either negative (due to functional compensation by other genes) or inconclusive (due to death prior to the developmental stage of interest). In this regard, Drosophila melanogaster has been proved a powerful in vivo model because it has less redundancy in the genome and innovative genetic tools allow researchers to bypass early lethality by using rescue strategies or generating mitotic clonal mutant cells in an otherwise viable animal. Such advantages facilitate the rapid analysis of gene functions including those of the Ets family.
Identification, genomic organization, and sequence homologies of Drosophila Ets genes
Eight Ets-related genes have been identi®ed in Drosophila. Among these, Eip74EF (E74), pointed (pnt), yan, and Ets97D (D-elg) have been characterized genetically, i.e., their developmental functions have been analysed by mutational studies. Three others, Dets-3, D-ets-4, and D-ets-6, were cloned based on homologous hybridization and their developmental functions are deduced from expression patterns. For the purpose of this article, a BLAST homology search through the Drosophila genome was conducted using the ETS DNA binding domains (termed ETS domain; Karim et al., 1990) of human Ets 1, human Pu.1, or human Spi-1, representing three distinct subgroups of the Ets family of genes. While all seven original Drosophila Ets genes were identi®ed with varying extents of homology scores, one additional uncharacterized Ets-like gene was revealed which we tentatively named Ets96B.
These Ets genes are summarized in Table 1 . Their closest human homologs are identi®ed by a GenBank BLAST search. Alignment of amino acids encompassing the ETS domains is shown in Figure 1 . The most striking conservation is observed between Pnt and ETS1 (96% identity and 98% similarity) . D-Ets-3 and FLI-1 also show signi®cant homology (94% identity and 97% similarity). Even the least similar pair, YAN and TEL, has 50% identity and 74% similarity. YAN is a transcriptional repressor that counteracts the action of Pnt (discussed below). Interestingly, the human TEL protein has also been shown to function as a negative regulator of transcription (Fenrick et al., 2000) . The domain structures of these homology pairs are shown in Figure 2 . When the overall domain organization is taken into account, especially the presence and location of the putative Pointed domain, it appears that the PntP2/ETS1, YAN/TEL, D-Elg/ GABPa and D-Ets-6/ERG pairs are most similar. Among those without the Pointed domain, D-Ets-4/ PDEF(ESF) and Ets96B/ER81 are most similar. DEts-3 is uniquely short, containing only 184 amino acids with the DNA binding domain at the immediate N-terminus. It is fairly certain that the D-Ets-3 sequence shown here represents the full-length protein because it has been veri®ed by the annotated genomic sequence and the size of the open-reading-frame correlates well with the short D-ets-3 mRNA (*800 nt; Chen et al., 1992) . This makes it less likely that D-Ets-3 is a true homolog of FLI-1 despite that its DNA binding domain is almost identical to FLI-1. It is Oncogene (2000) 19, 6409 ± 6416 ã 2000 Macmillan Publishers Ltd All rights reserved 0950 ± 9232/00 $15.00 www.nature.com/onc *Correspondence: T Hsu interesting to speculate that D-Ets-3 might function as a negative competitor with other ETS proteins. On the other hand, since ERG and FLI-1 are themselves very similar, perhaps D-Ets-6 should be considered the true homolog of FLI-1 as well. Indeed, in the BLAST search, mouse FLI-1 has a higher homology score to D-Ets-6 than human ERG. The homology pairing illustrated here may provide important leads for using Drosophila as an in vivo test model for studying their cognate mammalian Ets gene functions.
In the following sections, we illustrate genetic studies that led to the elucidation of Ets functions during Drosophila development. These summaries provide insights into important aspects of the regulation of Ets genes, including functional activities controlled by signal transduction pathways and dierential properties of protein isoforms.
Drosophila metamorphosis and the function of the Eip74EF gene
The life cycle of Drosophila includes embryonic, larval, pupal, and adult developmental stages. The steroid hormone 20-hydroxyecdysone (referred to as ecdysone) functions as an important signal during the life of the animal and triggers dramatic changes in gene expression, cell physiology, and tissue organization. Increased levels of ecdysone are observed in all six developmental periods and the high titer of the hormone at the end of the third larval instar initiates puparium formation (Chen et al., 1992) . The full-length proteins for these three were obtained from the annotated Drosophila genomic sequences. The uncharacterized Ets96B protein was the result of a similar Drosophila genome BLAST search (see text). The same search indicated that there are no other Ets-like genes in the Drosophila genome. The GenBank sequence sources are as follows:
followed by metamorphosis during the pupal stage (Riddiford, 1993) . This is the transitional period in the life cycle that culminates in the major reorganization of the body plan from a crawling, feeding larva to a reproductively active adult¯y. This involves the complete loss of larval tissues, or their remodeling into functional adult structures, and the generation of adult tissues from various imaginal cell types. Details have emerged on the transcriptional regulatory hierarchies controlled by ecdysone action and how the resulting expression of dierent gene sets programs the events of metamorphosis (Thummel, 1996) . The pung of salivary gland polytene chromosomes has been used as an important indicator of the hormonal control of gene expression. In response to the ecdysone pulse seen in third instar larvae just prior to puparium formation, a set of six early pus are induced followed by the induction of more than 100 late pus post puparium formation. Likewise, early and late pus are also observed around the time of the prepupa to pupa transition in response to a later rise in ecdysone titer. Ashburner et al. (1974) proposed a model wherein the ecdysone-receptor complex induces genes within the early pus and the products of these primary activated genes subsequently activate the late genes while repressing their own activity. Detailed molecular and genetic analyses have validated this model, not only for the ecdysone regulated changes in gene expression in salivary glands, but also for other larval tissues that must be eliminated during the process of metamorphosis Fletcher et al., 1995) .
One of the early pu genes activated in response to ecdysone action is E74 . Dierent ecdysone-inducible E74 promoters are used to generate transcripts for E74A and E74B, proteins that have distinct N-terminal regions and a shared C-terminus containing the ETS domain. Both are expressed in numerous tissues throughout larval development and E74 has been shown to bind to several late pu loci on salivary gland polytene chromosomes ; Urness and Thummel, 1995) . 74E gene mutations have been characterized that are speci®c to the E74A or E74B products (Fletcher et al., 1995) . Loss-offunction studies demonstrate that E74A is a regulator of late pu gene expression and its function is needed for the metamorphosis of both larval and adult tissues. Parallel genetic studies have identi®ed an earlier requirement for E74B in the formation of a normal puparium. Consistent with these phenotypes is the ability of E74B to function as a potent repressor of late gene expression while E74A contributes positively to the expression of several late genes (Fletcher et al., 1997) . Given the presence of an identical ETS DNA binding domain in the two proteins, the E74 proteins most likely interact with dierent accessory factors to carry out their diverse functions.
More recently, the E74 gene function was found to be a regulator of apoptosis during metamorphosis, which is crucial for the elimination of obsolete tissues. A good example is the degeneration of the larval salivary glands during metamorphosis. This occurs about 15 h after puparium formation and just after the prepupal pulse of ecdysone. A recent study demonstrated a direct link between an ecdysone triggered gene cascade and the programmed cell death of salivary gland cells (Jiang et al., 2000) . It is known that the activation of apoptosis is controlled by the balance of cell death activators and inhibitors in the cell. Drosophila activator genes include reaper (rpr), head involution defective (hid), and grim, while¯y apoptosis inhibitor genes include diap1 and diap2 (reviewed in Jiang et al., 2000) . Just prior to the selective histolysis of the salivary glands, ®rst the diap2 inhibitor and then the rpr and hid activator genes are expressed, suggesting their precise transcriptional control is important to establishing a correct balance for programming death in these cells (Jiang et al., 1997) . The recent report demonstrates that the ETS protein E74A plays a vital role in activating the hid gene in salivary gland cells, while other ecdysone induced transcription factor genes such as bFTZ-F1, E75, and BR-C function in either the repression of diap2 or the activation of rpr and hid. This ®ne tuning of the balance between the anti-and pro-apoptotic activities culminates in the prerequisite death of the larval salivary gland cells (Jiang et al., 2000) .
Essential functions for pnt and D-elg in oogenesis
During oogenesis, Drosophila ets genes are involved in at least two important events: migration of the follicular epithelium and negative feed-back regulation of the EGF receptor signaling during follicle cell dierentiation.
Analogous to the mammalian ovarian follicle, which consists of the developing oocyte surrounded by granulosa cells of somatic origin, the Drosophila egg chamber is also organized into a germline cyst enveloped by a layer of somatic follicle cells. Subpopulations of the follicle cells are responsible for producing the eggshell (chorion), including specialized anterior structures such as the micropile that allows sperm entry, the operculum that forms the hatch exit for the developed embryo, and two dorsal respiratory appendages (Spradling, 1993) . These complicated structures re¯ect a precise developmental program that speci®es dierent cell fates in the follicular epithelium. In addition, inductive interactions between oocyte and follicle cells establish polarities in the egg and the developing embryo, initially along the anterior-posterior axis followed by patterning along the dorsal-ventral axis (Gonzalez-Reyes et al., 1995; Roth et al., 1995; Mantrova and Hsu, 1998; van Buskirk and Schpbach, 1999) .
The follicular epithelium is composed of a single layer of *1100 cells. At stage 9 (Figure 3a) , about 90 ± 95% of these follicle cells start migrating posteriorly, in step with the enlargement of the oocyte. The migration is complete at stage 10A when these cells (now in columnar shape) perfectly envelop the oocyte ( Figure  3a) . The alignment of these follicle cells and the oocyte is crucial for the synthesis of eggshell and development of the embryo later (Twombly et al., 1996; Mantrova et al., 1999) Although the exact mechanism of epithelial sheet migration at stage 9 is not yet clear, D-elg has been implicated in this process. The mutant allele of D-elg, named tiny egg (tne), exhibited severe oogenic defects. One prominent phenotype is the disruption of the oocyte-associated follicle cells (O-FC) migration (Schulz et al., 1993; Gajewski and Schulz, 1995) . In defective stage 10 egg chambers the anterior-most O-FC remain frozen midway through the length of the nurse cell complex. The eector genes that are regulated by D-elg and ultimately responsible for the cell movement remain to be identi®ed. Considering the close homology between D-Elg and GABPa, this system may also serve as a model for testing the importance of GABP multimerization partners (Chinenov et al., 2000) by, for example, screening for genetic modi®ers of the D-elg phenotypes.
Cell fate determination in the follicular epithelium requires signals emanating from the oocyte. In the dorsal-ventral patterning pathway, EGFR signaling is activated in the anterodorsal population of the follicle cells by the spatially-restricted ligand Gurken (Grk; a TGFa-like molecule) synthesized by the oocyte. The extent of the EGFR activation can be visualized by the expression of a downstream gene rhomboid (Hsu et al., 1996;  Figure 3b ), initially as a graded patch at stage 10A and consolidating into two stripes of *2-cell wide on the dorsal surface at stage 10B. How such precise cell fate determination is achieved has attracted intense interest. It is now generally accepted that the mechanism involves a negative feed-back signaling process (Morimoto et al., 1996; Queenan et al., 1997; Wasserman and Freeman, 1998) . The highest level of initial signaling strength occurs in the anterior-dorsal most and the dorsal midline follicle cells. This matches the source of the diusible Grk ligand, which originates from the oocyte nucleus located at the anterodorsal corner of the oocyte. At the highest level of EGFR signaling, an EGFR blocker ARGOS is induced and it in turn brings down the signal strength at this T-shaped domain (Figure 3c ), resulting in a twin-peak signaling ®eld with a valley located in the dorsal midline (Figure 3d ). These twin-peaks are then re®ned into the two stripes demarcated by the rhomboid-expressing cells (Figure 3b,c) . The pnt gene plays a role in this feed-back process (Morimoto et al., 1996) . Loss-of-function pnt mutations result in the loss of dorsal midline cell fate. That is, instead of forming a space between the two dorsal appendages, they also become appendage-producing cells resulting in a fused but broad dorsal appendage (Figure 3e ). Over-expression of pnt results in diminished dorsal cell fates as revealed by diminished dorsal appendages, resembling those observed in the Egfr hypomorphic mutant (Figure 3e) .
The expression pattern of pnt in the follicle cells may provide a clue to its function in this pathway (Morimoto et al., 1996) . pnt is expressed in the dorsal follicle cells but with the highest level of expression in the anterior-most and the dorsal midline follicle cells at early stage 10, coinciding with the highest level of EGFR signaling (Figure 3c ). Later at stage 11 through 13, the T-shaped pnt pattern is replaced by the EGFR blocker argos, while the pnt expression domain switches to two patches lateral to argos and the two rhomboid stripes. The exact nature of interactions among these molecules have not been elucidated. However, it is possible that at early stage 10, pnt is needed in the anterior-most and dorsal midline cells to activate the expression of argos whereas at later stages pnt serves to restrict lateral spreading of the dorsal cell fates.
pnt gene transcription generates alternatively spliced mRNA isoforms that encode two proteins, PntP1 and PntP2, with the same DNA binding domain but distinct N-terminal segments. Interestingly, while both isoforms are needed for dorsal midline cell fates, only over-expressed PntP1 can ectopically suppress EGFR signaling. PntP2 contains the evolutionarily conserved Pointed domain in the N-terminus and is believed to be regulated by receptor tyrosine kinase signaling while PntP1 activity appears to be constitutive (O'Neill et al., 1994) . It is therefore likely that PntP2 could not ectopically suppress EGFR signaling because no cognate ectopic signaling is present to activate the over-expressed PntP2.
Functional interactions of Ets genes during embryogenesis and eye development
The functions of pnt and yan are pleiotropic during development. The elaboration of the ventral ectoderm and eye are good examples to illustrate how Ets genes function to establish cell identities. These two systems also demonstrate the interplay between activator and repressor Ets functions. Other developmental roles of pnt and yan involve regulation of cell migration in tracheal development and the control of the expression of the Drosophila TGFb homologue Decapentaplegic during dorsal closure. These and other functions are reviewed elsewhere (Treisman, 1996; Rubin et al., 1997; Noselli, 1998; Metzger and Krasnow, 1999; Andrew et al., 2000) .
The ventral ectoderm of the Drosophila embryo produces cells that will contribute to the central nervous system (CNS) and ventral epidermis of the animal. An intricate signaling pathway functions in these cells to program the speci®cation of dierent fates along the dorsoventral axis. This signaling involves EGFR and the opposing functions of two Ets genes, pnt and yan (reviewed in Schweitzer and Shilo, 1997) . The processing of the TGF-a homologue rhomboid RNA initially appears as a patch in the anterior-dorsal region of the oocyte-associated follicle cells then is consolidated into two stripes in the dorsal region, separated by the dorsal midline (arrow). (c) Illustration of three gene expression patterns that relate to dorsal follicle cell fate determination. pnt (red) and rhomboid (blue) expression patterns in the two stage 10A eggs are simultaneous and overlap. Note the graded expression of the two patterns. At stage 10B, argos expression (green) appears as T-shaped stripes next to the two rhomboid stripes. The two pnt patches may be required to prevent lateral spreading of the dorsal signaling. (d) Diagram illustrating the transition from a patched signaling domain to a twin-peak pattern. The original graded signaling is the result of the ligand distribution by diusion from the anterior-dorsal-most corner of the oocyte (see a). Conceptually, the EGFR signaling may contain two thresholds for inducing cellular responses. At the highest level, the EGFR blocker gene argos is induced while at the medium level, cells are fated to produce dorsal appendages. The production of ARGOS brought down the original peak to a level lower than the appendage-inducing threshold, thus forming a twin-peak of signaling level with a valley at the dorsal midline. (e) Three mature (stage 14) eggs representing wild-type (top), dorsal ®ll-in (middle) resembling the pnt loss-of-function mutant (this is a D-mef2 mutant egg that produces the same phenotype; Mantrova et al., 1998) , and reduced dorsal fate (bottom) from the pnt overexpression mutant. Arrow marks the dorsal midline. Vertical bars compare the range of the dorsal follicle cell population that produces the appendages. Wild-type and dorsal ®ll-in have the same range except that the midline cells also produce appendage material. The dorsal population in the pnt over-expression mutant egg is diminished Spitz in midline cells to a biologically active form initiates the cascade and the secreted signal is received by the receptor in the adjacent ventral-most ectodermal cells (Golembo et al., 1996a) . This results in a high level of EGFR activation and the induction of at least two transcription factor genes, ventral nervous system defective (vnd) and pntP1 (Gabay et al., 1996) . While vnd is required for the formation of ventral neuroblasts in the CNS (Chu et al., 1998; McDonald et al., 1998) , the function of the homeodomain protein is not integral to the establishment of the graded activity of the receptor. In contrast, the expression of pntP1 is seminal to the propagation of signaling events between the ventral cells.
Signaling through EGFR is mediated via the activation of a conserved RAS/MAP kinase pathway. A likely mechanism for the induced expression of pnt in the ventral-most cells is the direct activation of its P1 promoter by a transcriptional eector of this pathway (Gabay et al., 1996) . An additional consequence of the activation of MAP kinase is the phosphorylation of YAN, a post-translation modi®ca-tion that inactivates the ETS protein repressor (Brunner et al., 1994; O'Neill et al., 1994) . Since an active form of YAN may compete with PntP1 in its binding to target sequences, YAN inactivation permits the PntP1 protein to induce a set of secondary genes in the ventral-most cells, including argos that encodes an antagonist of EGFR (Golembo et al., 1996b) . ARGOS is secreted from these cells and functions in more lateral cells to lower the level of EGFR activation. Here YAN exists in an active form and presumably prevents the ability of PntP1 to further activate downstream genes. Together, these events establish an EGFR activation gradient that results in the dierential speci®cation of cell fates in the ventral ectoderm (Figure 4) . The roles of the ETS proteins are crucial to the determination process as the loss of yan function results in a severe ventralization and lethality of the embryo (Gabay et al., 1996) . The antagonistic functions of PntP1 and YAN in the ventral ectoderm are reminiscent of the opposing functions of the E74A and E74B proteins in their regulation of late gene expression during metamorphosis (Fletcher et al., 1997) .
pnt has additional functions in the embryo including nervous system and muscle development. In the CNS, pntP1 and pntP2 transcripts are found exclusively in glial cells along the ventral midline (Klambt, 1993) . Both loss-and gain-of-function experiments have been carried out with the gene to investigate its role in these cells (Klaes et al., 1994) . In pnt mutant embryos, glial cell dierentiation is defective which has an eect on the patterning of CNS axons due to disruptions in glial-neuronal cell interactions. Conversely, forced expression of pntP1 induces glial-like cells in both the midline and lateral CNS. Together these results demonstrate that the Ets gene is required and sucient for glial cell dierentiation during CNS development. During muscle formation, muscle founder cells are speci®ed at precise locations within the mesoderm due to the activation of EGF and FGF receptor signaling pathways Michelson et al., 1998; Schulz and Gajewski, 1999) . These specialized cells fuse with neighboring myoblasts to generate the complex pattern of body wall muscles needed for animal motility and feeding (Rushton et al., 1995) . pntP2 is expressed in the mesoderm and defects in the organization of the somatic musculature are observed in mutant embryos (KlaÈ mbt, 1993) . This phenotype is likely due to the lack of speci®cation of certain founder myoblasts in the absence of pnt function (RA Schulz, unpublished observations).
Later in pupal development, the compound eye is derived from the imaginal eye disc and composed of nearly 800 ommatidial units, each containing about 20 cells. As in other contexts, Ets gene function in eye development has been shown to be modulated by the RAS/MAP kinase pathway. The determination of photoreceptor cell fates, and especially that of R7, has been studied in great detail and the opposing roles of pnt and yan in this process have once again emerged (Lai et al., 1992; Brunner et al., 1994; O'Neill et al., 1994) . Loss-of-function studies have shown that pnt function is required in all photoreceptor cells for their determination while the reduction of yan function results in a contrasting increase in R7 cells. Both PntP2 and YAN proteins contain MAP kinase phosphorylation sites and in the absence of kinase activation, the YAN repressor remains active in cells of the eye disc in its non-modi®ed form. In this state, it represses genes needed for photoreceptor cell determination by binding to ETS recognition sites and repressing essential determination genes. However, when the RAS/MAP kinase pathway is activated, YAN is phosphorylated and inactivated concomitant with PntP2 phosphorylation and activation. A permissive situation is now established where PntP2 can activate target genes essential for photoreceptor cell determination.
These genetic results are supported by the targeted mutation of the single MAP kinase site in PntP2 and the eight sites present in YAN. The T151A version of the PntP2 protein cannot be phosphorylated in vitro, is unable to rescue a pnt eye phenotype, and functions dominantly to prevent R7 cell determination in a wild type background (Brunner et al., 1994) . Similarly, mutation of all possible phosphoacceptor sites in YAN results in a stable protein that cannot be inactivated (Rebay and Rubin, 1995) . When overexpressed, this constitutively active form inhibits the dierentiation of multiple cell types and induces various developmental Figure 4 Embryonic ventral ectoderm patterning. This is a simpli®ed model based on information compiled from Schweitzer and Shilo, 1997; Golembo et al., 1996a,b; and Gabay et al., 1996. The ventral midline cells and the immediate neighbors are activated by the SPITZ ligand. The signaling leads to transcription activation of pnt and post-transcriptional inactivation of YAN, which possibly result in expression ARGOS. ARGOS is a ligand-like molecule that blocks EGFR. Either because of a competition with SPITZ or by other sequestering mechanisms, ARGOS acts only on the ventral-lateral cells to block the EGFR signaling. Dierential EGFR signaling ultimately leads to dierent cell fates. See text for more details abnormalities including a rough eye phenotype. The latter occurrence represents one of the major advantages of the Drosophila system in terms of the continuing study of Ets genes and their regulators. That is, extensive genetic screens for modi®ers of activated YAN can be undertaken so as to yield novel insights into the mechanisms of RAS/MAP kinase signaling and Ets gene function in eye development and other speci®cation processes (Rebay et al., 2000) .
Concluding remarks
Drosophila has been established as a premier model organism for the comprehensive study of gene functions. The power of this system lies in its genetic tools that facilitate the correlation of developmental defects with functional properties. Traditional approaches have been enhanced by newly available experimental strategies such as the RNAi knockout technique (Fire et al., 1998; Kennerdell and Carthew, 1998; Adryan et al., 2000) , the completed sequence of the Drosophila genome (Adams et al., 2000) , and the ongoing attempt to systematically mutate nearly all of the 13 600 predicted¯y genes (Spradling et al., 1999) . Studies on Drosophila Ets functions have helped to direct researchers in mammalian systems toward signal transduction regulation of Ets genes, as well as to bring attention to the presence of negatively-acting ETS factors. For example, the shift of research emphasis from transcription activity to signal transduction control of the mammalian Ets proteins have been greatly facilitated by the study on pnt and yan gene functions during eye development. Until now only pnt, yan, and E74 have been studied extensively and ®ve other loci remain to be analysed in detail. Several of these poorly characterized genes show signi®cant similarity to intriguing human Ets sequences such as PDEF/ESF and ER81. Future cross species studies should help elucidate the functions of, and the biological interactions among, this complex and important family of transcriptional regulators.
